The temperature dependence of the first three interlayer distances of the Ag (111) surface was studied by low-energy electron diffraction (LEED) over the temperature range 128K to 723 K. The first three interlayer spacings and the effective Debye temperatures were extracted from the LEED analysis. At the lowest temperature, the first two interlayer spacings are slightly (0.5 %) contracted. All three interlayer spacings increase with temperature, finally reaching expansions relative to the bulk of about 0.8% at the highest temperature studied. The effective surface Debye temperature is lowest for the outermost layer, increasing toward the bulk value for successive layers.
Introduction
When a surface is produced, the bulk 3D periodicity is broken in one direction, reducing the symmetry of the surface. The surface atoms experience forces that are rather different from those exerted on atoms inside the crystal. Consequently, surfaces may be expected to exhibit different, perhaps anharmonic behavior, compared to the bulk.
Anharmonicity should be observed in quantities such as the surface thermal expansion, thermal vibrations and the phonon distribution. Indeed, enhanced anomalous effects have been reported on many surfaces, such as Pb(110) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
There has been a recent interest in the thermal expansion of the Ag(111) surface, largely due to the anomalous thermal expansion behavior observed in medium-energy ion scattering (MEIS) experiments on that surface [1] . In that work, the structure of the Ag(111) surface was studied as a function of the temperature and it was found that the first interlayer spacing is contracted by 2.5% relative to bulk at temperatures below 670 K, but at higher temperatures this interlayer spacing increases in a non-linear manner. At 1150 K, 80 K below the bulk melting point, it is expanded 10% relative to bulk. A significant increase of the surface vibration amplitudes was also observed.
The first theoretical attempt to explain the observed contraction/expansion transition was performed by Lewis [7] using an embedded-atom-method (EAM) molecular dynamics (MD) simulation. In that study, seven different temperatures were investigated in the range of 200-1100 K. The results of that calculation indicated a small contraction of the outermost surface interlayer spacing at 200 K and an essentially bulk-like expansion up to 1100 K. Although the mean-square vibrational amplitudes agreed quite well with the MEIS results, the thermal expansion behavior was quite different.
Contrary to this EAM-MD study, a later density-functional theory (DFT) study of this surface produced thermal expansion behavior similar to the MEIS experiment [8] . The changes in the first Ag(111) interlayer spacing (d 12 ) as a function of temperature were evaluated by minimizing the Helmholtz free energy of the system with respect to d 12 . The static energies and the phonon frequencies were calculated at T = 0 K using DFT theory within the local density approximation (LDA). The quantities obtained at T = 0 K were then extended to finite temperatures using a simplified quasiharmonic approximation (QHA), where the vibrational free energy was evaluated considering only three representative modes, in all of which the topmost layer moves as a whole. The results from that calculation showed that, at low temperatures, the Ag(111) top layer is contracted by about 1.7 % and at T = 1040 K an expansion of 15 % was observed in reasonable agreement with the experimental MEIS results. The interpretation of this "anomalous" expansion of the surface was attributed to the softening of parallel vibrational modes of the surface atoms rather than to the anharmonicity of the perpendicular modes, which was proposed to explain earlier observations of anomalous surface expansion on other surfaces [2, 3, 5] .
A later EAM-MD study by a different group essentially agreed with the first EAM-MD study cited above, indicating a surface contraction over the whole temperature range up to 1100 K and no anomalous expansion [9, 19] . This study went on to point out that the earlier DFT study did not include the full dynamical behavior of the system, and it was demonstrated that failing to include the full dynamics can give erroneous results for the thermal behavior of the surface. With this inducement, another DFT calculation, which included a more complete description of the dynamics but still within the quasiharmonic approximation [10] produced a somewhat more moderate thermal expansion of the surface, but the same driving mechanism for the thermal expansion.
Most of the experimental studies of surface thermal expansion have used MEIS as the experimental technique and only two, for Be(0001) [13] and very recently for Cu(111) [20] , have employed a full dynamical LEED analysis to determine the surface geometries.
There could be differences in the results of LEED and MEIS studies on surfaces at high temperatures where they may become rough. A comparison of the results of the two techniques may shed some light on the nature of the surface at elevated temperatures. In this paper we present a quantitative LEED analysis of the temperature dependence of the top three layers of the Ag(111).
Experimental and Calculational Procedures
The preparation of the Ag(111) surface has been described before [21] . The LEED experiments were carried out using a low-current LEED system which has been described earlier [22] . The LEED data were acquired using a charge-coupled device video camera with is interfaced to a personal computer via a Data Translation frame grabber and processor boards. The I(E) curves were measured directly from the LEED pattern for sample temperatures ranging from 128 K to 723 K. The I(E) curves for the symmetricallyequivalent beams were averaged.
The calculation procedures were similar to those carried out in an earlier study of Ag(111) [23] . The full dynamical LEED calculations were performed using the LEEDFIT code [24] [25] [26] [27] [28] . In addition to the automatic optimization of the structural parameters, this code allows optimization of non-structural parameters such as the Debye temperature and the atomic vibrational amplitudes for each atom in each layer. A set of 10 phase shifts were calculated using the Barbieri/Van Hove phase shift package [29] and a muffin-tin radius of 1.44 Å. The three outermost layers were treated as being surface layers with potentially different structural parameters to those of the underlying bulk. The lattice parameter of the underlying bulk structure was calculated using the room temperature lattice constant [30] and the bulk thermal expansion coefficient. The imaginary part of the inner potential was optimized to 4 eV. The level of agreement between the experiment and the calculations was measured using the Pendry R P [31] and R DE [25] . The structural parameters were analyzed using both the grid method and an automatic optimization in order to obtain the best-fit structural model for the Ag(111) surface. The non-structural parameters, such as the Debye temperature and thermal vibrational amplitudes, were then optimized for the best-fit structural models in the final stage of refinement. The errors quoted reflect the statistical precision in the fitting. Figure 1 shows the experimental curves measured as a function of temperature, along with the best-fit calculated curves. At the lowest temperature, 5 inequivalent beams were measured and the dataset has a total energy range (∆E T ) of 1352 eV. As the temperature was increased, the energy range over which useable data could be acquired was reduced due to the increase in diffuse scattering. The dataset at 723 K had two beams with a total energy range of 204 eV. Figure 1 and the values of the R factors presented in Table 1 demonstrate that a good agreement between theory and experiment was obtained for all temperatures.
Results
The interlayer spacings (d 12 determined from this analysis are given in Table 1 and are shown graphically in Figure 2 .
At the lowest temperature, 128 K, the first interlayer spacing is contracted by 0.5 %, the second interlayer spacing is contracted by 0.4 % and the third interlayer spacing is the same as the bulk interlayer spacing. As the temperature is increased, the interlayer spacings surface is slightly contracted, in agreement with the other studies. The magnitude of the contraction determined in this study is somewhat less than that found in either the DFT or EAM calculation, but is significantly smaller than that found in the MEIS experiment. As the temperature increases, the LEED result closely parallels that of the DFT calculation, while departing somewhat from the EAM-MD result, which remains essentially constant in the temperature range studied here. The MEIS result also changes very little over the range studied here, but begins to increase dramatically at a temperature of about 750 K. The point where the LEED result crosses the no-contraction line is in agreement with an earlier LEED study of this surface using data collected at room temperature [23] . Figure 4 shows experimental data for the reduced-temperature dependence of the first interlayer spacing for several metal surfaces. For all of the surfaces, the increases in interlayer spacing are essentially linear in temperature below a reduced temperature of about 0.55. The thermal expansion coefficient is proportional to the slope of these curves, and is typically somewhat higher than the bulk value. At higher temperatures, the slope is observed to increase in some cases, and this increase has been described as "anomalous" in some papers. In the case of Be(0001), the slope is considerably larger than the bulk value even at the lower temperatures. This result was also described as "anomalous." We would like to distinguish between these two "anomalous" effects by describing the larger (but linear) thermal expansion behavior as "enhanced surface expansion" and by describing the nonlinear behavior as "anomalous surface expansion". Because bulk Be has unique phonon spectra and thermal expansion properties, the "enhanced surface expansion" of Be (0001) could be a consequence of the comparison to its unusual bulk properties [33] .
Discussion and Conclusion
In Table 2 we present a list of all thermal expansion measurements reported in the literature for surfaces. Since all of the studies performed on the temperature dependence of the interlayer distances of surface metals were done using MEIS and LEED, some comments on the differences between MEIS and LEED might improve our understanding of the contrasts between their results. At the elevated temperatures of these measurements, many surfaces will have a significant step density. The intensities at the positions of the diffraction spots in the LEED patterns are primarily the result of the constructive interference of electrons which are scattered from within terraces. The scattering from randomly-placed steps will contribute primarily to the diffuse intensity. Since a LEED I(E) experiment uses intensities only at the positions of the diffraction spots, and since the actual intensities of these spots in the LEED analysis is not nearly as important as the energy of their maxima and minima, the intensities measured in a LEED experiment 8 should, in most circumstances, be overwhelmingly dominated by the scattering from terraces, at least if they are wider than the transverse beam coherence length. This will not be true at the limit of extremely rough surfaces, when the diffusely-scattered intensity at the position of the diffraction spots becomes comparable to the sharp diffraction intensity.
This precludes the use of normal LEED on surfaces which are very rough, although diffuse LEED might be employed in these conditions. In that situation, we would no longer expect the scattering to be dominated by the atoms on terraces.
In a MEIS experiment, the primary mechanism used to determine the relaxation of surface atoms is the blocking of ions which have been back-scattered from deeper layers.
If all surface atoms have the same geometry, a well-defined "blocking dip" is observed in the angular dependence of the scattered ions. In MEIS, there is no "constructive interference" mechanism as there is in diffraction. Therefore there is no enhancement of scattering from terrace atoms over scattering from step atoms. Because of this, a relaxation result obtained from MEIS will have a larger contribution from step atoms than a relaxation result obtained from LEED. This discrepancy should be expected to increase with temperature on surfaces where the thermally-induced step densities are high. In addition, the greater number of layers contributing to the backscattering at higher temperatures results in an increase in the number of visible layers outside the blocking direction.
Therefore the blocking pattern at high temperature is less sensitive to the individual relaxations than at lower temperatures.
While this difference in the measurement techniques cannot explain the lowtemperature discrepancies between the LEED and MEIS results, it might explain why the relaxations measured with MEIS increase dramatically at the higher temperatures on some surfaces. If the surface step density becomes very large, the relaxation measured with MEIS will be much more affected by the relaxation of the step atoms, which could be quite different from the relaxation of the terrace atoms. Two recent studies of the surface thermal expansion of Ag (111) and Cu(111) using respectively surface x-ray diffraction [20] and LEED I(E) analysis [20] support this notion. These studies were carried out at temperatures similar to the MEIS studies of these surfaces, and unlike the MEIS results, they did not show any anomalous thermal expansion behavior. This suggests that these two surfaces have quite a different morphology at high temperatures compared to that at low temperatures. The fact that the thermal diffuse scattering dominates the LEED pattern at temperatures above 720 K may be due to this.
In summary, we have studied the temperature dependence of the top three interlayer spacings of Ag(111) by low energy electron diffraction. Our results show that between 128K and 723K the surface expansion behavior is essentially bulk-like with a contraction/expansion transition around 0.3 T m (370K). At 128K the first layer is contracted by 0.5%, which is significantly smaller than the value found by MEIS. The
Debye temperature obtained for the first three layers was basically constant and the average values for the first, second and third layers are respectively 165 ± 8 K, 199 ± 9 K, and 212 ± 9 K. Data at temperatures higher than 723K could not be obtained in this experiment due to the increase of thermal diffuse scattering. High q resolution LEED [3] 
